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（1） 首次深入、系统研究了至今为止孔径最小为 30μm 的射流喷嘴形成稳
定微射流水波导区及微射流水波导与激光束之间耦合等关键技术，并通过实验验



































关系，设计并加工对应 30μm 微细喷嘴； 






































Talking about the modern laser processing, the Micro-Jet waveguide laser become a hot topic 
in some certain processing area. In the late 90s of the 20th century, the Swiss Federal Institute of 
Technology scientist, Dr. Bernold Richerzhagen compared with traditional laser technology and 
the advantages of water jet and developed the invention micro-jets waveguide laser technology, 
which was a new and excellent precise processing method for the micro size processing. To 
develop more presive power machine tool owned higher resolving ability, key technologies was 
researched including like as pumping a 30μm steady water Micro-Jet, a rectangle water Micro-Jet. 
After that,the optical route and lens coupling processing laser with Micro-Jet was designed in 
order to apply the technology in laser direct system(LDS) gravuew engraving which traditional 
laser is difficult to machine. 
The primary originality research and design work as following:  
(1) The key technologies about a 30μm nozzle owning steady pump flow coupling with laser was 
first time to deeply and systematic study, at the same time,30μm nozzle was first time to utilize in 
Micro-Jet Waveguided Laser in domestic. Through corresponding experiment,as a result, steady 
Micro-jet waveguidlaser region as well as ratio of 30μm nozzle hole length nozzle diameter larger 
than 10 was achieved.Meanwhile,the precision of Micro-jet waveguide laser processing in steady 
region met the resolution requirements of direct laser engraved gravure plate,after that, patents, " 
Micro-jet rotated waveguidlaser processing device" (Patent Application No.: 201110191963.0), " 
Array of Micro-jet waveguide laser processing device" (Patent Application No.: 201110192794.2) 
was applied; 
    (2) Studying of a rectangular Micro-jet waveguide laser processing system was proposed and 
carried out, the main impact factors of rectangular micro-jet nozzle was theoretical analysis to 
form a stable Micro-jet waveguide laser,after that,the important technical parameters to form a 
stable rectangular Micro-jet waveguide was accessed and developed, after that,and a patent 
"rectangular water waveguide laser processing device" (Application number: 2011101192792.3) 
was applied; 















models function about jet density related to the jet pressure, along distance of nozzle, jet speed etc. 
was founded,afterwards, the theory of changing the refractive index of the Micro-jet was explored 
and masterd, physical phenomena of laser waveguide transmission in step-index fbier.was 
theoratical explained; 
    (4) Transmission characteristics of rectangular Micro-jet waveguide laser was studied with 
the laser waveguide theory, at the same time,the waveguide transmission case of different modulus 
in the 30μm side length of rectangular laser Micro-jet was simulated with Matlab; 
    (5) After experimental studying on Direct Laser Gravure Engraving plate with Micro-jet 
waveguidlaser, the cavity of chipping and enhancing the vertical cavity wall was studied and 
solved, as a result, as well as studied plate gravure printability on some kinds of high reflectivity 
metal including copper and zinc engraving with wavelength of 1.06μm laser. The experimental 
results showed that gravure engraved plate with Micro-jet waveguidlaser significantly enhanced 
the quality of cavity which was compared to the current conventional laser engraved gravure plate 
technology, on the other hand, important referencewas provided to improve the quality of 
Micro-jet waveguidlaser direct gravure engrave plate-making on theory and technology through 
the related study. 
The research in the paper had completed as the following. 
(1) The relation between micro-jet waveguide laser‟s machining accuracy and Intaglio plate 
mesh points was analyzed. The 30 μm micro-jet nozzle with had been designed and machined. 
(2) The mathematical & physical model related to the jet was established. The speed stabilize 
of jet nozzle under different static pressure and dynamically pressure was studied by fluent 
application tool FLUENT, and the stable length of jet under different pressure, pre-compression 
angle and along the length was simulated and experimented. The pressure and density change 
caused by water jet speed was analysis. The transmission of laser in jet was studied, and the 
energy distribution of laser in the conventional water jet or rectangular water jet was measured. 
The 30μm circular & rectangular micro-jet flow field was simulated. The pre-compression angle, 
along the length and pressure of 30μm jet nozzle was confirmed by the theory, simulation and 
experiment, and the structure of the pressure chamber was designed.   















transmission of laser in the micro water jet was studied under the theory of fiber-guide; it 
explained the laser highly efficiently transmitted in the water-fiber. Combined with rectangle laser 
transmission, the energy distribution of laser in the step index water fiber was analyzed. The 
conclusion was obtained which explain the decisive factors of coupling conditions and coupling 
efficiency between laser and deionized water. 
(4) The energy measured experiment about micro-jet waveguide laser was done, and the 
laser‟s energy distribution in the rectangle or convention waveguide was studied. The conclusion 
of high quality laser‟s Gaussian energy distribution effect on coupled angle between laser and 
micro-jet waveguide was drawn. which was confirmed by further experiment. 
(5)The laser optical lens was designed using application tool ZEMAX, and laser coupling 
was simulated, then aberration analysis to confirm high coupled efficiency of micro-jet waveguide 
laser. 
(6) Zinc plate and copper plate‟s mesh points engraving experiments to study the quality of 
blind holes and edge. 
①The laser machining experiment of copper plate and zinc plate was done, and the essential 
factor that water jet cooling to improve processing mesh points was analyzed. The effect of blind 
hole machining quality on zinc plat that water cooling in the laser processing was studied.  
② The mesh points precision in laser gravure engraving plat-making is 30μm, it was tested 
and verified by experiment of copper blind hole machining by micro-jet waveguide laser. The 
polishing pure copper, which couldn‟t machined by milliseconds laser, was tested to analyze that 
milliseconds micro-jet waveguide laser in gravure engraving plat-making is suitable. The substrate 
material of micro-jet waveguide laser gravure engraving plat-making was confirmed. 
Key words: Stable 30μm Micro-Jet；Rectangle nozzle; Micro-Jet Waveguide Laser Gravure 

















Abstract .......................................................................................................................................... VI 
目录................................................................................................................................................... 1 
Contents ............................................................................................................................................ 1 
第一章  绪论................................................................................................................................... 1 
1.1 研究背景 ........................................................................................................................... 1 
1.1.1 激光加工 .................................................................................................................. 2 
1.1.2 微射流水波导激光加工之优点 .............................................................................. 4 
1.2 激光加工铜之现状及凹印制版技术 ............................................................................... 8 
1.2.1 激光加工铜技术研究现状 ...................................................................................... 9 
1.2.2 凹印制版关键技术 .................................................................................................. 9 
1.3 微射流水波导激光加工国内外研究现状 ..................................................................... 11 
1.3.1 国外研究状况 ........................................................................................................ 11 
1.3.2 国内研究状况 ........................................................................................................ 13 
1.3.3 微射流及矩形喷嘴射流理论研究 ........................................................................ 14 
1.3.4 波导理论研究情况 ................................................................................................ 15 
1.3.5 微射流水波导激光加工技术应用领域 ................................................................ 15 
1.4 研究意义、内容及主要创新点 ..................................................................................... 16 
1.4.1 研究意义 ................................................................................................................ 16 
1.4.2 研究内容 ................................................................................................................ 16 
1.4.3 主要创新点 ........................................................................................................... 18 
1.5 本章小结 ........................................................................................................................ 19 
第二章  微射流水波导激光稳定射流关键技术研究 ................................................................. 20 
2.1 直径 30μm 射流流场的影响因素 ................................................................................. 20 
2.1.1 喷嘴射流系统坐标系建立 ................................................................................... 20 
2.1.2 适合微射流水波导激光加工的射流种类 ............................................................ 20 
2.1.3 新型微射流水波导激光加工技术中的射流流场 ................................................ 21 
2.2 微射流流场分析及边界条件 ......................................................................................... 23 
2.2.1 射流流场运动分析 ............................................................................................... 23 
2.2.2  矩形水射流的射流运动 ..................................................................................... 28 
2.3  矩形微射流仿真模拟及实验分析 .............................................................................. 32 
2.3.1 矩形射流波导优势 ................................................................................................ 32 
2.3.2 矩形微射流水波导激光加工方案设计 ................................................................ 33 
2.3.3 实验中 30μm 射流与压力关系 ............................................................................. 34 
2.4 微射流中散热及粘性的问题 ......................................................................................... 34 
2.4.1 微射流散热对于加工的影响 ................................................................................ 34 
2.4.2 微射流水波导激光中射流密度的变化 ................................................................ 35 
2.5 新型喷嘴模拟及设计 ..................................................................................................... 37 
2.5.1 射流喷嘴设计 ....................................................................................................... 37 















2.5.3 矩形微射流的稳定射流长度影响因素 ................................................................ 41 
2.5.4 微喷嘴常规射流的稳定射流长度 ........................................................................ 44 
2.5.5 Fluent 仿真工具和仿真方法 ................................................................................. 47 
2.6 喷嘴体的制造 ................................................................................................................. 53 
2.6.1 光学窗口材料的选择 ............................................................................................ 54 
2.7 本章小结 ......................................................................................................................... 56 
第三章 新型微射流水波导激光加工的波导能量分布 ............................................................... 57 
3.1 圆形光纤波导理论 ......................................................................................................... 57 
3.1.130μm 射流水波导激光传输模式分析 ................................................................... 58 
3.2 矩形光纤波导理论 ......................................................................................................... 58 
3.2.1 矩形微射流水波导激光模式分析 ....................................................................... 58 
3.2.2 渐变折射率（Gradient Index,GI）及阶跃光纤激光传输理论 .......................... 61 
3.2.3 多模„水光纤‟ ......................................................................................................... 62 
3.3 激光能量在矩形光纤中波导传输及衰减 ..................................................................... 63 
3.3.1 激光的矩形水光纤波导传输 ................................................................................ 63 
3.3.2 斜射光线 ................................................................................................................ 64 
3.3.3 激光能量衰减 ....................................................................................................... 65 
3.4 微射流中激光能量分布 ................................................................................................ 66 
3.4.1 激光在水射流中能量分布的测量 ........................................................................ 67 
3.4.2 激光能量传输 ........................................................................................................ 71 
3.5 矩形微射流水波导激光能量分布 ................................................................................. 72 
3.5.1 激光在矩形稳定水射流及光纤中的波导能量分布 ............................................ 72 
3.5.2 矩形微射流中激光折射率的变化考察 ............................................................... 73 
3.6 矩形微射流水波导激光传输能量分布 ........................................................................ 74 
3.7 本章总结 ......................................................................................................................... 75 
第四章  新型微射流水波导激光光学设计及系统分析 ............................................................. 76 
4.1 激光凹版印刷技术对于加工激光整形要求 ................................................................. 76 
4.1.1 选择凹印制版方式及微射流水波导激光加工系统技术要求 ............................ 76 
4.1.2 窗口玻璃及水层厚度对加工激光入射聚焦效果的影响 .................................... 77 
4.2 激光与微水射流耦合 ..................................................................................................... 79 
4.2.1 倒置望远镜在微射流水波导激光器中的应用 .................................................... 80 
4.3 设计伽利略透镜组的球差、彗差分析 ........................................................................ 84 
4.3.1 光学系统设计后的球差分析及矫正 .................................................................... 85 
4.3.2 系统正弦差分析与矫正 ....................................................................................... 86 
4.3.3 彗差分析及矫正 .................................................................................................... 87 
4.4 激光与矩形喷嘴中水射流的耦合 ................................................................................. 87 
4.5 微射流水波导激光加工系统设计 ................................................................................. 89 
4.5.1 腔体及喷嘴体 ........................................................................................................ 90 
4.5.2 喷嘴体机械结构的要求 ........................................................................................ 90 
4.6 耦合装置 ......................................................................................................................... 91 
4.6.1 可更换喷嘴式的分离式设计 ................................................................................ 91 
4.7 本章小节 ......................................................................................................................... 93 
第五章  微射流水波导激光直刻凹印制版材料 ......................................................................... 95 















5.1.1 传统激光加工铜，锌过程 .................................................................................... 95 
5.1.2 影响激光加工铜的几个关键因素 ........................................................................ 96 
5.1.3 其他影响激光加工铜的因素 .............................................................................. 100 
5.2 液体热导率对加工的冷却影响 .................................................................................. 100 
5.2.1 微射流水波导激光中微射流对于热影响的削弱 .............................................. 100 
5.2.2 微射流水波导激光加工微射流对于极化区的影响（重铸层） ...................... 101 
5.3 对比传统激光雕刻的实验 ........................................................................................... 106 
5.3.1 传统激光加工铜及抛光铜实验 .......................................................................... 106 
5.3.2 加工锌板实验与结果 .......................................................................................... 107 
5.3．3 激光同水射流的耦合实验 ............................................................................... 109 
5.4 系统总体实验方案 ....................................................................................................... 112 
5.4.1 锌板水中激光加工实验 ...................................................................................... 112 
5.4.2 第二种实验方案 .................................................................................................. 114 
5.5 本章小结 ....................................................................................................................... 119 
第六章 总结与展望 ..................................................................................................................... 121 
6.1 主要成果 ....................................................................................................................... 121 
6.1.1 完成的研究内容、技术指标及主要创新点 ...................................................... 121 
6.1.2 实验平台搭建及先进制造 .................................................................................. 121 
6.2 展望微射流水波导激光加工技术研究 ....................................................................... 122 
6.3 该技术的应用前景展望 ............................................................................................... 122 
参考文献 ....................................................................................................................................... 124 






























Abstract(In Chinese) ....................................................................................................................... Ⅳ 
Abstract(In English) ....................................................................................................................... VI 
Directory ......................................................................................................................................... Ⅰ 
Contents .......................................................................................................................................... Ⅰ 
Chapter1.Introduction ....................................................................................................................... 1  
1.1 Background of research ..................................................................................................... 1  
1.1.1 Traditional laser processing and laser utilized in experiment................................... 2  
1.1.2 Advantage of Micro-jet waveguide laser processing ................................................ 4  
1.2 Research of Laser processing copper and technology of plate engraving gravure ............ 8  
1.2.1 Research of Laser processing copper ....................................................................... 9  
1.2.2 Key technology of plate engraving gravure ............................................................. 9  
1.3 Research of Micro-jet waveguide laser processing ......................................................... 11  
1.3.1 Aboard research status ............................................................................................ 11  
1.3.2 Domestic research status ........................................................................................ 13  
1.3.3 Theory research of Micro-jet and rectangle water-jet ............................................ 14  
1.3.4 Theory of wave guide research status .................................................................... 15  
1.3.5 Applications of micro-jet wavrguided laser processing ......................................... 15  
1.4 Purpose and significance of the research ........................................................................ 16  
1.4.1 Purpose of research contents of dissertation .......................................................... 16  
1.4.2 Dissertation contents .............................................................................................. 16 
1.4.2 Innovative contents of research .............................................................................. 18  
1.5 Summary ......................................................................................................................... 19  
Chapter2. Studying key technology of Micro-jet wavrguided laser system owned steady flow ..... 20  
2.1Influence factors of 30μm nozzle forming steady Micro-jet flow .................................... 20  
2.1.1 Building cooperation of nozzle flow ...................................................................... 20  
2.1.2 Apporiate flow classin Micro-jet waveguidlaser .................................................... 21  
2.1.3 Flow analysis of new Micro-jet waveguidlaser ...................................................... 21  
2.2 Micro-jet flow analysis and simulation flow boundary ................................................... 23  
2.2.1 Motion analysis of Micro-jet flow field ................................................................. 23  
2.2.2 Flow in rectangle Micro-jet .................................................................................... 28  
2.3 Simulation of rectangle micro-jet and experiment analysis ............................................ 32  
2.3.1 Advantages of rectangle micro-jet .......................................................................... 32 
2.3.2 Experiment scheme of rectagnle Micro-jet waveguidlaser .................................... 33 
2.3.3 Relate pumping pressure to steady 30μm flow range............................................. 34  
2.4 Cooling effects of Micro-jet and viscous to micro-jet ..................................................... 34  
2.4.1 Processing effects influenced by micro-jet cooling ................................................ 34  
2.4.2 Flows influenced by temperature and pressure of micro-jet .................................. 35  
2.5 Simulation and design of new nozzle .............................................................................. 37  
2.5.1 Design of new nozzle ............................................................................................. 37  
2.5.2 Steady Micro-jet flow field .................................................................................... 39  















2.5.4 Steady length of new Micro-jet .............................................................................. 44  
2.5.5 Simulation with Fluent and analysis ...................................................................... 47  
2.6 New nozzle manufacturing ............................................................................................. 52  
2.6.1 Selecting optical material for making plate window .............................................. 54  
2.7 Summary ......................................................................................................................... 55  
Chapter3. Energy distribution of Wave guided laser in new design nozzle .................................... 57  
3.1Traditional wave guided laser in column Micro-jet ......................................................... 57  
3.1.1 Laser waveguidin 30μm tradition column water .................................................... 58  
3.2 Theory of rectangle fiber waveguided ............................................................................. 58  
3.2.1 Moedl analysis rectangle Micro-jet waveguidlaser ................................................ 58  
3.2.2 Theory of Gradient Index and step refraction index of liquid fiber ....................... 61  
3.2.3 Multi- model liquid fiber analysis  ........................................................................ 62  
3.3 Waveguided laser decreasing and analysis energy distribution in rectangle Micro-jet ... 63  
3.3.1 Transmission route of laser in rectangle Micro-jet ................................................. 63  
3.3.2 Oblique laser in Micro-jet ...................................................................................... 64 
3.3.3 Decreasing laser in Micro-jet ................................................................................. 65  
3.4 Laser energy distribution in steady Micro-jet ................................................................. 66  
3.4.1 Measuring laser energy distribution in Micro-jet ................................................... 67  
3.4.2 Energy Distribution of waveguidlaser in Micro-jet ................................................ 71  
3.5 Transmitssion relation function of micro-jet waveguidlaser ........................................... 72  
3.5.1 Energy distribution of Micro-jet wave guided laser ............................................... 72  
3.5.2 Variation of refraction index laser in rectangle Mirco-jet ...................................... 73  
3.6 Experiment of energy distribution of waveguidaser in recatangle Mirc-jet .................... 73  
3.7 Summary ......................................................................................................................... 75  
Chapter4.Optic design of new Micro-jet wave guided laser ........................................................... 76  
4.1 Requirment of beam shaping in Laser plate gravure engraving ...................................... 76  
4.1.1 Select gravure method and parameter of Micro-jet wavegudied laser procssing ... 76  
4.1.2 Laser focusing effect influenced by window glass and thickness of water layer ... 77  
4.2 Laser coupling with steady Micro-jet .............................................................................. 79  
4.2.1 Invert Galieo telescope utilized in beam shaping ................................................... 80  
4.3 Analysis spherical aberation,sin abberation and coma aberation .................................... 84  
4.3.1 Analysis sperical aberation and correction ............................................................. 85  
4.3.2 Analysis sin aberation and correction ..................................................................... 87  
4.3.3 Analysis coma aberation and correction ................................................................. 87 
4.4 Laser coupling with micro-jet in rectangle nozzle .......................................................... 87  
4.5 Design of micro-jet wave guided laser processing system .............................................. 89  
4.5.1 Water chamber and nozzle processing and assembling .......................................... 90  
4.5.2 Abberation of mechanical structure of nozzle design ............................................. 90  
4.6 Variable nozzle of coupling appartus .............................................................................. 91  
4.6.1 Chaning nozzle seperated design ........................................................................... 91  
4.8 Summary ......................................................................................................................... 94  
Chapter5.Direct Engraving the engravure material and Micro-jet waveguidLaser processing ....... 95  
5.1 Processing of laser material  .......................................................................................... 95  















5.1.2 Key influenced fector of laser processing cooperand zinc ..................................... 96  
5.1.3 Other factors in laser processing cooperand zinc ................................................. 100  
5.2 Cooling effect of liquid heat conduction ....................................................................... 101  
5.2.1 Weaken heat zone of micro-jet wave guided laser ............................................... 101  
5.2.2 Effect on polarization distrition on micro-jet wave guided laser ......................... 106  
5.3 Experiment of comparing with traditional laser engraving ........................................... 106  
5.3.1Traditional laser processing cooper ,polished brass and polished cooper ............. 106  
5.3.2 Micro-jet wave guided laser utilized gravure engraving experiment ................... 108  
5.3.3 Experiment of Laser coupling with micro-jet ...................................................... 110  
5.4 Integrated system experiment scheme ........................................................................... 113  
5.4.1 The experiment of Zincprocessing in Micro-jet cooling ...................................... 113  
5.4.2 The Second experiment scheme ........................................................................... 114  
5.5 Summary ....................................................................................................................... 120  
Chapter6. Summary and outlook ................................................................................................... 121  
6.1Achievements ................................................................................................................. 121  
6.1.1 Innovation of research .......................................................................................... 121  
6.1.2 Building experiment Platform and advaced manufracturing ................................ 121  
6.2 Outlook of Micro-jet waveguidlaser utilized in gravure engraving .............................. 122  
6.3 Outlook of Micro-jet waveguidlaser application ........................................................... 122  
Reference ...................................................................................................................................... 124 
Published paper and applied patent during the candidate for doctor degree ................................. 129 

























Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
